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Total atmospheric deposition, i.e. both wet and dry ones, was sampled during three diﬀerent sampling periods
between 1994 and 2002. The aim of this study is to determine the temporal variation of the atmospheric deposition
ﬂuxes of four heavy metals (Cd, Cu, Pb and Zn) in an urban area (Paris region, France). The global pattern shows
a decrease of the ﬂuxes for most of elements during this period. Indeed, the atmospheric deposition ﬂuxes measured
in 2001–2002 were lower than those measured during the 1994–1997 period by factors reaching 16, 2.5, 4 and 7.5 at
Cre´teil and 7, 1, 6 and 4.5 at Chatou for Cd, Cu, Pb and Zn, respectively. At the Paris site, the decreasing factors were
2.5 and 3 for Cd and Pb, respectively while Cu and Zn ﬂuxes were nearly similar during the whole studied period.
 2005 Elsevier Ltd. All rights reserved.
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Within the last decade, an intensive eﬀort has been
made to determine the atmospheric heavy metal compo-
sition in both urban and rural areas (Golomb et al.,
1997; Migon et al., 1997; Vukmirovic et al., 1997; Injuk
et al., 1998; Garnaud et al., 1999). Those previous works
have highlighted that the atmosphere is (1) an important
pathway for transport of heavy metals and (2) the major
external input of bio-available heavy metals to the envi-
ronment (Jacks, 1990). Such properties have been recog-0045-6535/$ - see front matter  2005 Elsevier Ltd. All rights reserv
doi:10.1016/j.chemosphere.2005.03.022
* Corresponding author. Tel.: +33 1 45 17 16 31; fax: +33 1 45
17 16 27.
E-mail address: varrault@univ-paris12.fr (G. Varrault).nised as potential threats to the environment and human
health.
The urban atmosphere is submitted to large inputs of
anthropogenic contaminants arising from both station-
ary (power plants, industries and residential heating)
and mobile sources (road traﬃc) (Bilos et al., 2001).
According to their diﬀerent physical and chemical prop-
erties, the size and composition of the source particles,
these pollutants are partitioned between particulate, li-
quid and vapour phases and are subsequently trans-
ported to the earth surface through dry and wet
deposition (Lawlor and Tipping, 2003). From a biogeo-
chemical perspective, the characterisation of total atmo-
spheric depositions is relevant in order to identify the
variability and sources of the atmospheric pollutants.
During the past decades, the government eﬀorts toed.
646 S. Azimi et al. / Chemosphere 61 (2005) 645–651control air pollution have achieved some positive eﬀects
and, as a result, atmospheric pollutants have been re-
duced signiﬁcantly. However, the evidences of the de-
cline in heavy metal concentrations in atmospheric
deposition have to be reported.
In this research program, we measured the heavy
metal (Cd, Cu, Pb, Zn) ﬂuxes in atmospheric deposition
during three periods (1994–1997, 1999–2000 and 2001–
2002). The atmospheric deposition was sampled at three
stations located in the ‘‘Ile-de-France’’ region: Chatou,
Paris and Cre´teil. Thus, the aim of the present work is
to determine the atmospheric deposition variations dur-
ing an 8-year period in order to assess their temporal
variability around an urban area.2. Materials and methods
2.1. Sites and sampling procedures
2.1.1. Sites
This study was performed in the ‘‘Ile-de-France’’ re-
gion which includes Paris city. This area is the most
industrialised and densely populated region of France
(11 million inhabitants). It includes many waste inciner-
ators, power plants, various industrial plants and, espe-
cially, heavy road traﬃc. Three sampling stations were
established in a 20 km long NW-SE transect through
this region (Fig. 1). The ﬁrst site was situated at Chatou
(CHA, 4853 0N, 0209 0E) in an urban area without
industrial activities, near a lock of the Seine River.
The second site, situated in the fourth district of Paris
city (PAR, 4852 0N, 0222 0E), was placed on a building
ﬂat roof at 18 m height from the ground level. Two po-
tential sources may mainly aﬀect the atmospheric depo-
sition in this place: heavy road traﬃc and residential
heating. The third site, situated at Cre´teil (CRE,
4847 0N, 0228 0E), was placed on the ﬂat roof of the
Paris XII University building at 20 m height from
ground level. This area is highly industrialised and pre-Fig. 1. Sampling locations in thsents many potential heavy metal emission sources. In
addition to a heavy traﬃc highway (A86, 200 m, West,
60000 vehicles/day), this site is near a power plant
(1900 m, West), two waste incinerators (5700 m,
North-West and 500 m, South) and an international air-
port (Orly, 8400 m, South-West).
2.1.2. Sampling procedures
The atmospheric deposition samples were collected
during three diﬀerent periods. Table 1 presents each
sampling date and duration. During the ﬁrst period,
from November 1994 to October 1997, atmospheric
deposition was collected successively at Cre´teil (Novem-
ber 1994 to February 1995), Chatou (February to July
1995) and Paris (May 1995 to October 1997) using the
same ARS 1000 collector (MTX-Italia SPA, Modane,
Italy). Such device allowed collecting separately dry
and wet atmospheric deposition. Both types of samples
were collected in polyethylene cylinders (29 cm inner
diameter) covered with a single lid which automatically
swaps from one container to the other, according to a
rain detector. The container used for dry deposition
was partially ﬁlled with ca. 1 cm high purity water
(18.2 MX Milli-Q water, Millipore S.A.) in order to
avoid resuspension of collected particles. The sampling
duration for individual samples was adapted depending
on the occurrence rainfall events, between 5 and 24 days.
During the second sampling period only the Cre´teil
site was equipped (from November 1999 to April
2000), while during the third one, all of the three sites
were used (from July 2001 to November 2002). During
both sampling periods (periods 2 and 3), the same type
of atmospheric collector was used: the atmospheric
deposition was collected using funnels connected to
polyethylene bottles. These devices were placed inside
PVC pipes at a height ranged between 150 and 190 cm
to avoid the collection of re-suspended dust from the
roof surface.
The bottles (1 l) and funnels (25 cm inner diameter)
used during the period 2, performed at Cre´teil inN
20 km
Créteil
Chatou
Paris
 
e ‘‘Ile-de-France’’ region.
Table 1
Details of each sampling period
Periods Sites Sampling dates Number of samples Mean (±sd) sampling
duration (days)
1 Cre´teil November 1994–February 1995 7 8 ± 1
Paris May 1996–October 1997 33 13 ± 7
Chatou February 1995–July 1995 8 10 ± 3
2 Cre´teil November 1999–April 2000 19 7 ± 3
3 Cre´teil July 2001–November 2002 18 27 ± 5
Paris November 2001–November 2002 13 29 ± 9
Chatou July 2001–November 2002 18 27 ± 2
S. Azimi et al. / Chemosphere 61 (2005) 645–651 6471999–2000, were made of Polyethylene. The collection
bottles were ﬁlled before each sampling period with
20 ml of a 10% acidiﬁed (HNO3 65% Suprapur, Merck)
ultra pure water. During the third sampling period, the
collection bottles (5 l) were also made of polyethylene
and ﬁlled with 50 ml of a 10% acidiﬁed ultra pure water
and the funnels (12 cm inner diameter) were made of
Teﬂon.
Whatever the sampling period considered the collec-
tion materials were rinsed after each sampling period
and the rinsing waters were also analysed. For the period
1, both dry and wet ARS 1000 containers were rinsed on
site with 1 l of 10% nitric acid to collect metals possibly
adsorbed on container walls. During the second and
third sampling periods, funnels were rinsed with 100 ml
of 10% nitric acid in order to collect particles deposited
or adsorbed on funnel walls.
2.2. Analysis procedures
2.2.1. Sample treatment
The sample treatment is slightly diﬀerent for each
sampling period (Table 1). The samples obtained during
the ﬁrst period, i.e. from November 1994 to February
1995 (Cre´teil), February to July 1995 (Chatou) and
May 1996 to October 1997 (Paris), were collected using
an ARS 1000 collector. Therefore, during each of the
sampling durations wet and dry samples were collected
separately. The wet deposition samples were acidiﬁed
at pH 1 for heavy metal determination. A 20 ml sub-
sample of the slurry containing dry deposition was fur-
ther digested in PTFE beakers with 18 ml 65% nitric
acid and 2 ml 70% perchloric acid (Merck, Suprapure)
at 110 C on a sand bath. After complete evaporation,
the remaining solids were dissolved into 30 ml 1 M nitric
acid for metal determination. The atmospheric deposi-
tion ﬂuxes were then estimated by summing heavy
metals measured in both wet and dry deposition
samples.
The samples of the periods 2 and 3, collected without
distinction between wet and dry deposition, were com-
pleted with concentrated nitric acid after sampling dura-tion to reach a ﬁnal pH of 1 and samples were kept in a
dark room at 5 C during one week in order to dissolve
most of the particles. Preliminary experiments have
shown that digestion of bulk rain samples or total depo-
sition, with concentrated perchloric and nitric acids,
yields similar metal concentrations than pH 1 acidiﬁcat-
ion with nitric acid (Garnaud et al., 1999).
Such sampling procedure (pH 1 acidiﬁcation) allows
the dissolution of the particles coming from anthropo-
genic sources (Colin et al., 1990; Desboeufs et al.,
2001; Sandroni and Migon, 2002) while particles from
crustal origins are not totally digested (Desboeufs et
al., 1999). Thus, in this work, heavy metals from nat-
ural origins are underestimated. Nevertheless, the four
studied elements (Cd, Cu, Pb, Zn) are commonly
recognised as mainly emitted from anthropogenic
activities (Pacyna, 1998; Pacyna and Pacyna, 2001).
After the one week storage, samples were ﬁltered under
a class 100 laminar hood with 0.45 lm porosity ﬁlters
(Sartorius, cellulose nitrate). The 60 ml sub-samples
obtained were kept at 5 C until analysis. The washing
procedures of materials are described in detail in Azimi
et al. (2003).
2.2.2. Trace metal analysis
The heavy metals collected during the ﬁrst and sec-
ond campaign were analysed by Atomic Absorption
Spectroscopy either in air-acetylene ﬂames (Zn) or in
electrothermic graphite furnaces (Cd, Cu, Pb) depending
on the metal concentration with addition of a matrix
modiﬁer in the case of Cd. During the third campaign,
an ICP-AES (Perkin Elmer Optima 3000) with an ultra-
sonic nebuliser and an axial slit was used. The two de-
vices, combined together, enhance the sensitivity and
the detection limits for trace element analysis. Whatever
the device used (AAS or ICP-AES), a quality control
was performed using some test samples which were trea-
ted like the atmospheric deposition. These samples were
(1) acidiﬁed water blanks to check the contamination
during sample treatment in laboratory and (2) acidiﬁed
water blanks to check the contamination during ﬁeld
collection. The method accuracy was assessed by
648 S. Azimi et al. / Chemosphere 61 (2005) 645–651analysis of two certiﬁed samples in heavy metals present-
ing similar concentrations as atmospheric deposition
(Azimi et al., 2003): NIST 1643d and SPS–SW1 batch
105. The results showed that, whatever the element con-
sidered, the analysis bias was less than 15%.3. Results and discussion
3.1. Meteorological conditions
In order to compare the atmospheric deposition
ﬂuxes within a 8-year period, the study of meteorologi-
cal conditions appears of prime importance. Thus, the
wind direction and the rainfall amount of the Paris loca-
tion during the ﬁrst and last sampling periods, i.e. from
May 1996 to October 1997 and from November 2001 to
October 2002, respectively, were compared. These data
were measured by Me´te´o-France at the Paris-Montsou-
ris site, placed in the 14th district of the city. Table 2 pre-
sents the wind direction, expressed as relative day
frequency (%), from each sector (North-East: N-E,
South-East: S-E, South-West: S-W, North-West: N-W)
during the whole duration of each sampling period as
well as the rainfall amount (mm y1). Whatever sam-
pling period considered, the wind blew the same way
at the Paris site. The relative daily frequencies of wind,
blowing from N-E and S-W were 23% and 35% of the
time considering the ﬁrst sampling period (1996–1997)
and 25% and 35% for the second one, respectively.
The global pattern of the wind direction appears as sim-
ilar during both campaigns. Since Garban et al. (2002)
showed that wind conditions were quiet similar in the
whole area, we assumed that the wind conditions were
similar for all the studied sites. Moreover, the rainfall
amount during each sampling period was equivalent.
The 2001–2002 sampling period rainfall amount was
only 8% higher than the 1996–1997 one. Considering
the second sampling period (Cre´teil in 2000) the rainfall
amount was estimated at 527 mm y1 which is in the
same order of magnitude than the rainfall amount of
the two other periods. Therefore, the meteorological
conditions during these diﬀerent sampling periods ap-Table 2
Meteorological data during the two longest sampling periods in the P
Wind direction (relative day frequency) N-E
S-E
S-W
N-W
Sampling duration (days)
Rainfall amount (mm y1)peared to be similar and could be then discarded as a
cause of the variations of the heavy metal deposition
ﬂuxes.
3.2. Annual variation of atmospheric deposition
As described in the sampling procedure section, the
collection material was always rinsed after each sam-
pling period. To better estimate the heavy metal deposi-
tion ﬂuxes, we have also considered heavy metal
quantities contained in these rinsing waters. Indeed, it
appears that a signiﬁcant amount of heavy metals col-
lected by such device (bottles and funnels) is released
from the funnel walls during the rinsing step (Azimi
et al., 2003). In order to investigate the seasonal patterns
of atmospheric deposition of heavy metals over the
‘‘Ile-de-France’’ area, Fig. 2 presents the seasonal varia-
tion of Cd, Cu, Pb and Zn in the atmospheric deposition
for each sampling period at Chatou and Paris and Fig. 3
presents those at the Cre´teil site. To evaluate the varia-
tion of the deposition ﬂuxes, we have considered the
10th and the 90th (d10 and d90, respectively) percentiles;
the factor of variation is evaluated as the d90/d10 ratio
(Rocher et al., 2003).
Considering the ﬁrst sampling period at Chatou and
Paris sites (Fig. 2) (from February to July 1995 and from
May 1996 to October 1997, respectively) the factor of
variation of the deposition ﬂuxes was ranged from 2 to
4 and 3 to 6 whatever the considered element. Looking
at the July 2001–November 2002 sampling period, the
same factor of variation of deposition ﬂuxes was ob-
served since the d90/d10 ratio was ranged from 2 to 6
for both sites. Thus, the heavy metal ﬂux variation
was quite similar between both periods (1995 and
2002) at Chatou and Paris for Cd, Cu, Pb and Zn.
The main diﬀerence was observed at the Cre´teil site
(Fig. 3). During the ﬁrst sampling period (from Novem-
ber 1994 to February 1995), the factor of variation was
9, 4, 4 and 5 for Cd, Cu, Pb and Zn, respectively and,
during the second period (from November 1999 to April
2000), the variation factors were 16, 2 and 2 for Cd, Cu
and Pb, respectively. During this sampling campaign,
the Zn ﬂuxes were not measured. For the last samplingaris city, near the Paris sampling site
Sampling periods
1996–1997 2001–2002
23 25
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35 35
20 27
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Fig. 2. Temporal variation of atmospheric deposition at Chatou and Paris during the two diﬀerent periods (1995–1996 and 2001–
2002).
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variation of deposition ﬂuxes was ranged from 2 to 3 for
all elements. These results, showing the decrease of the
ﬂux variation of the heavy metals, mainly in the case
of the Cd, at the Cre´teil site, which is an industrialised
area, may reﬂect the recent steadily of emission rates
of the main industrialised sources. Such patterns can re-
sult from the better treatment of the emission ﬂue gas
from such sources. While at the two other sites (Paris
and Chatou), the main anthropogenic sources are not
from industrial origins but urban heating and road
traﬃc.
3.3. Long time variation of atmospheric deposition
However, the improvement carried out to the ﬂue gas
treatment, and on the whole, to all type of anthropo-
genic emissions is more obvious when studying the
annual deposition amount for each sampling period.
Thus, to perform such comparison, between each stud-
ied period (Table 1), we have aggregated the one year
ﬂux amounts of each of them. In most of the cases, i.e.
for the Paris site from 1996 to 1997 and for Chatou,
Paris and Cre´teil from 2001 to 2002, the studies have
been carried out for more than a year. Therefore, the an-
nual variations described below have been taken into ac-
count in the annual deposition amounts. For the studied
periods from November 1994 to February 1995 and
from November 1999 to April 2000 at the Cre´teil site
and from February to July 1995 at the Chatou site,the annual deposition amounts have been extrapolated.
Indeed, these three studies lasted less than a year. How-
ever, two main points reﬂect the validity of the estima-
tion of annual atmospheric deposition by a calculation
method. Firstly, on sites where the study was performed
more than a year, the atmospheric deposition variations
were found to be weak (between 2 and 6 for Cu, Pb and
Zn). Secondly, many other works on atmospheric depo-
sition variation showed that the deposition ﬂuxes of
heavy metals are not dependent on seasons (Golomb
et al., 1997; Bilos et al., 2001; Azimi et al., 2004, 2005)
since their main sources are quite constant throughout
the year. Thus, for each site and period, we have calcu-
lated the annual ﬂux deposition of atmospheric fallout
of Cd, Cu, Pb and Zn to study their long time variations,
i.e. from 1994 to 2002.
Fig. 4 shows the 8-year trend of the Cd, Cu, Pb and
Zn deposition ﬂuxes (mg m2 y1) at Cre´teil, Chatou
and Paris sites. The 1994–1997 and 2000 annual ﬂuxes
were assessed by the sum of dry and wet deposition
ﬂuxes while 2001–2002 period values were determined
with total atmospheric deposition collection. Indeed,
Azimi et al. (2003) showed that in urban areas, there
was no signiﬁcant diﬀerence in the atmospheric deposi-
tion ﬂux estimation using both collection procedures.
The global pattern showed a decrease in atmospheric
deposition load between 1994 and 2002. The annual
atmospheric deposition ﬂuxes determined at Chatou
were 0.34, 8, 31 and 76 mg m2 y1 for Cd, Cu, Pb
and Zn, respectively, during the 1995 sampling period.
µg
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Fig. 3. Temporal variation of atmospheric deposition at the
Cre´teil sampling site during the three sampling periods (1994–
1995, 1999–2000, 2001–2002).
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Fig. 4. Annual atmospheric deposition ﬂuxes of Cd, Cu, Pb
and Zn obtained during each sampling period (from 1994 to
1997, 1999–2000 and 2001–2002) at Cre´teil, Chatou and Paris.
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the 2001–2002 one was 7, 1, 6 and 4.5, respectively. The
decreasing factors calculated for the Paris site were 2.5,
1, 3 and 1 for Cd, Cu, Pb and Zn, respectively, between
1996–1997 and 2001–2002. Thus, a signiﬁcant decrease
appeared (statistical one tailed t-test, 99% conﬁdence
level) for Cd, Pb and Zn at Chatou while at Paris the sig-
niﬁcant decrease appeared only for Cd and Pb. Such
diﬀerence in Cu and Zn ﬂux behaviour at Chatou and
Paris sites reﬂects the diﬀerence in their source appor-
tionment. Indeed, Cu and Pb are commonly considered
as mainly emitted by the road traﬃc (O¨blad and Selin,
1985; Weckwerth, 2001; Sternbeck et al., 2002), an
important source near this site. The use of unleaded gas-
oline from the year 2000 induced a decrease of lead emis-
sions from this source. As a result, it is only the latter
element which shows a decrease in the atmospheric
deposition while the copper ﬂux stays quite similar in
atmospheric deposition during the 8-year period consid-
ered. Considering the case of Zn at the Paris site, it ap-
pears that this site acts as a source for this element.Indeed, the roof covering material of this area is mainly
composed by zinc sheets and a combination of zinc
sheets and slate tiles (Gromaire-Mertz et al., 1999).
Rocher et al. (2004) showed that such type of roof cov-
ering material induced high amounts of zinc in roof run-
oﬀ waters during rain events (80 times higher than
atmospheric deposition). Such enrichment may highly
inﬂuence the atmospheric deposition at this location,
inducing a steady atmospheric deposition amount of
zinc during the 8-year period studied.
At the Cre´teil site, the 1994–1995 deposition ﬂuxes
were equal to 1.1, 25, 39 and 113 mg m2 y1 for Cd,
Cu, Pb and Zn, respectively. The 1999–2000 deposition
ﬂuxes, equal to 0.34, 10, 9.5, and 15 mg m2 y1 show
a decrease of atmospheric deposition of these elements
(by a factor of 3, 2.5, 4 and 7.5, respectively) between
1994 and 2000. Between periods 1999–2000 and 2001–
2002, quite similar deposition amounts were observed
for the Cu, Pb and Zn while Cd ﬂuxes decreased by a
factor of 5. Thus, Cd ﬂux was decreased by a factor of
16 between 1994 and 2002 at the Cre´teil site. This region
is under the inﬂuence of many stationary sources. There-
fore, a better treatment of the ﬂue gas emissions by
various stationary sources (power plants, waste inciner-
ators) is more likely to be responsible of such
large improvement in air quality of this industrialised
area.
S. Azimi et al. / Chemosphere 61 (2005) 645–651 6514. Conclusion
Atmospheric bulk deposition was sampled at three
sites in the Paris area during three sampling periods in
1994–1997, 1999–2000 and 2001–2002. The global pat-
tern shows a decrease of the ﬂuxes for most of elements
during this period. Indeed, except the Cu and Zn cases at
the Paris site and the Cu at Chatou, the atmospheric
deposition ﬂuxes measured in 2001–2002 were lower
than those measured during the 1994–1997 period by
factors reaching 16, 2.5, 4 and 7.5 at Cre´teil for Cd,
Cu, Pb and Zn, respectively and 7, 6 and 4.5 at Chatou
for Cd, Pb and Zn, respectively. At the Paris site, the
decreasing factors were 2.5 and 3 for Cd and Pb, respec-
tively while Cu and Zn ﬂuxes were slightly similar during
the whole studied period. Such results may be linked to
the use of unleaded gasoline, inducing the decrease of Pb
and a better ﬂue gas treatment of stationary sources.
Nevertheless, a local inﬂuence of the roofs seems to in-
duce a quite similar deposition amount of Zn at the
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